ABSTRACT Aedes albopictus (Skuse), a mosquito vector of the dengue fever virus, is prevalent in Japan, distributed widely in Honshu Island with its northern limits between latitude 38Њ to 40Њdegrees north. The factors affecting distribution of the species in the northern part of Japan were studied using the geographical information system (GIS). During 1998 Ð2000, larval surveillance was carried out in 26 urban and rural areas in the Tohoku district, in the northern part of Honshu Island, by collecting larvae from artiÞcial and natural habitats. Climatological analysis, using the GIS, showed that the following conditions accounted for the current distribution of Ae. albopictus: an annual mean temperature higher than 11ЊC and a mean temperature of the coldest month, January, higher than Ϫ2ЊC. A period with temperature above 11ЊC in the conÞrmed area of the mosquito successively continues for more than 186 d per year. The accumulated temperature calculated from a temperature of 11ЊC, which may be close to the developmental zero of Ae. albopictus, was over 1,350 degree-days. The relationship between the beginning of short-daylength, inducing egg diapause, and the monthly mean temperature during September and October necessary for successful larval development in the Tohoku district is also discussed. We also show the relationship between the current distribution of Ae. albopictus and the annual mean temperature in the United States. From these results it is predicted that Ae. albpictus will be established in some cities in northeast United States.
THE MOSQUITO AEDES albopictus (Skuse) is both a biting nuisance and a potential vector of the dengue virus. During World War II, conscripted ships brought dengue fever into Japan from epidemic areas and it became prevalent in the western parts of Japan including Nagasaki City and Osaka Prefecture. More than 100,000 cases were clinically diagnosed with dengue fever (Hotta 1953 (Hotta , 1998 . In this outbreak, Ae. albopictus was involved as a vector mosquito.
Since Ae. albopictus was discovered in Texas, USA, in 1985 (Sprenger and Wuithiranyagool 1986) , the mosquito has been discovered in various continents including Central America (Ogata and Samayoa 1996) , Europe (Dalla Pozza et al. 1994 , Mitchell 1995 , Schaffner and Karch 1999 , Africa (Jupp and Kemp 1992, Savage et al. 1992) , and Australia (Kay et al. 1990 , Laird et al. 1994 , Foley et al. 1998 . A recent survey of Ae. albopictus in the United States showed that the mosquito has spread out to 911 counties in 25 states (Moore 1999) , although only the southern states were infested by this mosquito in 1985. Thus, there is concern that the potential risk areas for dengue fever, as well as other viral diseases and Þla-riasis, will expand throughout the entire world Knudsen 1996, 1997; Gubler 1997; Dutta et al. 1998) .
To understand the current distribution of Ae. albopicuts in the Tohoku district, Japan, we have been studying the distribution of this species through larval surveys since 1994 (Kurihara et al. 1997 ). In the previous study the presence of Ae. albopictus was conÞrmed up to Furukawa City (38Њ 34Ј N), north of Sendai, on the eastern or PaciÞc side of the district and up to Yonezawa City (37Њ 56Ј N), an inland city on the western side, and Sakata City (38Њ 54Ј N) on the western or the Sea of Japan side. The distribution limits have clearly moved north beyond Sendai (38Њ 16Ј N), which was the previous northern limit ( Kamimura 1968) , particularly on both coastlines of the Tohoku district. Although the northern distribution limits of the species have been discussed for wide areas of East Asia and North America using the criterion for January mean temperature (Nawrocki and Hawley 1997; Hawley, 1989; Hawley et al. 1989; Knudsen, 1996 , there have been no studies of the distributional limiting factors based on detailed climatological data from geographical information system (GIS), except for an investigation of the eco-1 E-mail: mutsuo@nih.go.jp. regional analysis of the mosquito (Moore 1999 ). The present study will contribute a prediction of the future distribution of Ae. albopictus in the temperate countries in Europe, North America, and the Far East.
Materials and Methods
Geographical Situations of Tohoku District. The Tohoku district is located in the northern part of Honshu Island, the largest island of Japan. Our study sites covered an area from latitude 36Њ 50Ј to 40Њ 50Ј N and from longitude 139Њ to 142Њ E. It is bordered on the north by Hokkaido Island across Tsugaru Strait, on the south by the Kanto district where metropolitan Tokyo is located, on the east by the PaciÞc Ocean, and on the west by the Sea of Japan. The district is longest from north to south (500 km), and has a central mountain chain with an average elevation of 950 m, including volcanoes at Ͼ2,000 m above sea level. The mountain chain forms a watershed that divides the district into eastern and western parts. Most of the district belongs to the mild temperature-rainy zone, but the highlands are in the frigid climate zone. All survey sites show an annual rainfall above 1,000 mm. The annual mean temperature is high in the western part bordered by the Sea of Japan due to a warm ocean current; however, there is also heavy snowfall during winter due to wind from the northwest. However, although the climate of the southeastern side on the PaciÞc Ocean is rather warm due to a warm ocean current, the climate of the northern part is rather cool due to a cold ocean current. Such variable geographical and climatic conditions make the Tohoku an appropriate study site to clarify the factors affecting the distribution of Ae. albopictus.
Survey Site. In the current survey in the northern part of Honshu Island, mosquitoes were collected from Aizuwakamatsu, Yamagata, Ichinoseki, Morioka, Kitakami, Mizusawa, Higashiyama, Kamaishi, Akita, Noshiro, and a number of additional cities and towns located in the plains, some at altitudes Ͻ400 m. These are rather densely populated areas, where the distribution of Ae. albopictus has not been conÞrmed in our previous surveillance (Kurihara et al. 1997) , and the northern limit of where this mosquito might be found at this time. Results of the current research were plotted on a map and compared with the results of 1996 (Kurihara et al. 1997) , which were collected from 31 locations in the northern part of Honshu Island.
Collection and Identification of Larval and Adult Mosquitoes. During the period from 1998 to 2000, Ͼ200 sites in 26 cities, towns, and villages in the Tohoku district were surveyed. Mosquito larvae were collected during August and September when the population density of the mosquitoes was expected to be the highest. The larvae were collected, using a glass pipette, from artiÞcial containers, such as ßower vases in graveyards of Buddhist temples, wash basins in shrines, used tires stacked in the backyard or along roadsides, used cans or plastic containers, and bamboo stumps. The larvae were harvested and placed in small polypropylene containers (Ϸ100 ml in volume), which were kept at room temperature in our insectary. IdentiÞcation was based on emerged adults. Adult mosquitoes were also collected by aspirators or nets because they were attracted to humans.
The mosquito survey was also carried out in Nikko City (36Њ 44Ј N) and Karuizawa (36Њ 21Ј N), which are located in the mountains at an altitude of Ͼ500 m. These are typical examples of areas free from infestation by Ae. albopictus.
Analysis of Temperature by GIS. Analysis of local climate affected by environmental conditions was performed on the basis of annual mean temperatures and monthly mean temperatures in January. A map of 1-km mesh climate values was charted for the Tohoku district (prepared by the Sendai District Meteorological Station (1991) and Japan Meteorological Agency (1996) using ArcView [GIS software produced by ESRI (Redlands, CA) and technically supported by Pasco (Tokyo)]). Use of a map of the raster temperature surface is available, and the density of real data points is 0.46/100 km 2 in the whole of Japan and 0.63/100 km 2 in the Tohoku district (Okamura 1987) . Accumulated Temperatures for Mosquito Development and the Number of Days Above 11؇C for Each Collection Site. Because the zero development temperature for Ae. abopictus was reported to be 11ЊC (Hawley 1989) , the number of days when the daily mean temperature was Ͼ11ЊC was counted using climatological data from the past 30 yr (Japan Meteorological Agency 1993). The accumulated temperature was also calculated by subtracting 11ЊC (development zero of Ae. albopictus) from the daily mean temperature and by summing up these data. The conÞrmed and nonconÞrmed areas were examined by plotting according to these parameters.
Annual Mean Temperature in the Eastern United States. Annual mean temperatures of cities in the United States were obtained from the World Meteorological Organization(1996) and plotted on a map. Fig. 1 . On the eastern side of the central mountain chain, the northern limit of this species was conÞrmed in Ichinoseki and Higashiyama in 2000. On the western side of the mountain chain, it was conÞrmed in Yamagata (38Њ 15Ј N) in 2000, although it was not found there previously through repeated and in-tensive surveys carried out until 1998. On the western coast, the northern limit of the distribution was Honjo before 1998, but the mosquito has been proven to be established in Akita and Noshiro in 2000. It is obvious that during the 2 yr, the areas infested with Ae. albopictus had clearly expanded north.
Results

Distribution of the Mosquitoes in the Tohoku
Relationship Between Annual Mean Temperature and Distribution. Fig. 2 shows annual mean temper- atures based on mesh climate values in areas above 11ЊC. The areas of annual mean temperature above 11ЊC include not only Aizuwakamatu, Sendai, Furukawa, and Honjo, which had proven distribution of Ae. albopictus before 1998, but also Yamagata, Ichinoseki, Akita, and Noshiro, which were recently conÞrmed to have infestations of Ae. albopictus. There was a strong correlation between the mosquito-infested areas and mean temperature above 11ЊC.
Relationships between January mean temperature and the distribution of Ae. albopictus are shown in Fig. 3 . According to the mesh climate variables, the cities with January mean temperatures below 0ЊC include Aizuwakamatu, Yonezawa, Yamagata, Furukawa, Ichinoseki, Akita, and Noshiro. All of these cities have been conÞrmed as infested with Ae. albopictus through continuous survey from 1994 to 2000.
Relationship Between Accumulated Temperature and Number of Days Above 11؇C. The total number of days with Ͼ11ЊC per year of collection sites and the accumulated temperature (degree-days [DD]) are plotted in Fig. 4 . In sites where mosquito infestation was conÞrmed, the number of days above 11ЊC was Ͼ186 and the accumulated temperature was Ͼ1,350 DD in a year. Karuizawa and Nikko are located in mountainous areas south of the Tohoku district. The accumulated temperature of both cities range from 606 to 830 DD per year. These values seem to be too low for sustaining continuous generations of Ae. albopictus compared with those of infested areas. In all locations where infestations were not conÞrmed, the number of days above 11ЊC was also lower than those of conÞrmed areas (Fig. 4) .
Discussion
From the global viewpoint, environmental changes including urbanization, improvements of highway and trunk road networks, and importation or transportation of used tires that are stacked or thrown away, are considered important socio-economic factors for the spread of Ae. albopictus (Dutta et al. 1998 ). There are also several factors that prevent its establishment such as the decrease of mosquito habitats due to abnormally dry weather, abnormally cold weather, and improvements in handling discarded materials such as used tires. Therefore, it is expected that there will be regional differences in factors relating to establishment of Ae. albopictus.
There have been a few attempts to apply GIS to the study of distribution of Ae. aegypti or Ae. albopictus developing in small artiÞcial containers. In the current study, we analyzed the data on mosquito collection in the Tohoku district based on the mesh climatic values, the annual mean temperature at the outermost areas of Ae. albopictus distribution limit. In all areas where the mosquito was conÞrmed, the annual mean temperature was above 11ЊC. This value is consistent with the development zero of this mosquito. It is still unclear what kind of biological signiÞcance there is in the annual mean temperature for areas infested with Ae. albopictus in the northern parts of Honshu Island. We speculate that higher annual mean temperature contributes to more stable development of larvae in the autumnal season and the additional generations of Ae. albopictus in Tohoku district comparatively.
Five generations of Ae. albopictus were observed in the summer in Nagoya City (36Њ 11Ј N, 136Њ 55Ј E), which is located in the central part of Honshu Island (see insert of Fig. 1 ) with an annual mean temperature of 15.1ЊC (Makiya 1974) . As the total accumulated temperature calculated from the development zero (11ЊC) is 1,823 DD in Nagoya city, the generation time, including reproductive stages of the adult mosquito, is calculated to be 365 DD (1,823/5 generations). The generation time of Ae. albpictus in the tropics, where there are no dry seasons, is reported to be 3 wk (Chan 1971) . Taking Bangkok, Thailand, as an example, its annual average temperature of 28.4ЊC corresponds to generation time of 365.4 DD. In China, at a laboratory temperature of 26ЊC, the generation time is 33 d (Liu et al. 1985) , which corresponds to the accumulated temperature of 495 DD. When we calculate the number of generations per year in Tohoku areas from NagoyaÕs values (365 DD), the number of generations in conÞrmed cities (10 cities in Fig. 4 ) ranged between 3.5 and 4.4 and in nonconÞrmed cities (seven cities in Fig. 4) , between 1.7 and 3.4. Therefore, the conÞrmed areas have more stable conditions for continuing the number of generations with Ͼ3.5 per year.
Aedes albopictus overwinters as an egg in temperate areas, and it has been reported that the photoperiod during pupal and adult stages inßuences the eggs (Imai and Maeda 1976 , Mori et al.1981 , Focks et al. 1994 . When adult females are exposed to a long daylength, the eggs hatch. The exposure of pupae and/or adults to a short daylength results in the production of diapause eggs. The critical daylength of eggs laid from August to November is 11Ð12 h (hours from sunrise to sunset) under outdoor conditions in Nagasaki City, which is located in the southern part of Japan (Mori et al.1981) . In many locations in the Tohoku district, the daylength ranges from 12.0 to 12.8 h (hours from sunrise to sunset) in September, and egg diapause must be induced in late August or early September. The relationship between daylength in September in the Tohoku district and mean daily temperature seems to be more important for overwintering of Ae. albopictus colonies in the northern parts of Japan.
It has been reported that eggs of the Ae. albopictus can overwinter in areas where the temperature is 0ЊC or less (Kamimura 1968 , Mori et al. 1981 , Nawrocki and Hawley 1987 , Hawley 1989 , WHO 1994 , Hanson 1995 . In areas where the January mean temperature is over 0ЊC, the infestation of Ae. albopictus has been conÞrmed at all survey sites. Distribution of the mosquito was also found in some areas, Aizuwakamatu, Yamagata, Akita, Noshiro, and Ichinoseki, where the January mean temperature is 0 to Ϫ2ЊC (see Fig. 3 ). However, Ae. albopictus was not conÞrmed in several locations where the January mean temperature was below Ϫ2ЊC. It is not known whether or not colder temperatures in January inßuence egg survival. The overwintering temperature limit tends to be lower than previously reported (Nawrocki and Hawley 1987) . Hawley et al. (1989) reported that 78 Ð98% of Ae. albopictus eggs can survive a single exposure to Ϫ10ЊC for 24 h in the laboratory. The overwintering ability of eggs in temperate strains of Ae. albopictus showed that less than half of the eggs kept in Sapporo (43Њ 4Ј N, 141Њ 20Ј E), with absolute minimum temperature of Ð15ЊC, overwintered (Hanson 1995) . According to distribution maps of dengue vectors reported by Nawrocki and Hawley (1987) , WHO (1989) , and Knudsen (1996) , the distribution of Ae. albopictus is deÞned by the isotherms of January mean temperature of 0ЊC. Our data clearly show that a mean temperature of 0ЊC in January has no direct relation- ship to the northern limits of Ae. albopictus in Japan (see Fig. 3 ).
The current study has shown that Ae. albopictus undoubtedly expands its distribution in areas higher than the isotherm of annual mean temperature of 11ЊC in Japan. The temperature for more stable establishment of the mosquito in northern distributed areas seems to be over 12ЊC. Therefore, higher temperatures are expected to be required to cause a dengue epidemic. The fact that the area limit for the past outbreaks of dengue fever in Osaka Prefecture and Nagasaki in Japan corresponds to the annual mean temperature of 16ЊC or more does not contradict the present results. It is not known whether the importation of dengue fever to Japan during World War II was related to the frequency of ships from endemic areas of dengue fever calling at ports near Osaka and Nagasaki.
Despite repeated surveys, the colonization of Ae. albopictus was not conÞrmed in Yamagata, which is rather isolated from other urbanized cities, until 1998. Although the effect of snowfall must be considered, changes in annual mean temperature due to global warming could also affect the establishment of Ae. albopictus. We observed a clear rise (Ϸ1ЊC) of annual temperatures from 1997 throughout Japan compared with annual mean temperature for the past 30 yr (1961Ð1990).
There is a possibility that mosquito infestations in northern areas are derived from summer expansion. There was an information of severe biting by Ae. albopictus in late May 2000 in Akita (A. Suzuki, personal communication) and we identiÞed the adult specimens from Akita as Ae. albopictus. Thus, Ae. albopictus in Akita could have overwintered in recent years.
The use of GIS, including GPS and remote sensing (RS), are increasing for the analysis of dengue and dengue hemorrhagic fever (Sithprasasna et al. 1997 ), but the factors relating to the distribution of Ae. albopictus appearing in small artiÞcial containers have not been well analyzed. Our analysis focuses on the climatological data of survey areas, but it will be necessary to integrate more comprehensive data, such as population density, topographic research, vegetation index and socio-economic factors such as trafÞc density in the Tohoku district, in the future. In the northernmost limit of the mosquito, Higashiyama located on the eastern side of Tohoku district, there is a cement plant in which used tires are used for fuel and raw materials. These tires, which could be infested with mosquitoes, are frequently transported from large cities nearby. It has been shown that this kind of economic activity has a strong connection to the spread of Ae. albopictus.
Our investigations have shown that the distribution of Ae. albopictus has moved northward. This could be related to several factors including the annual mean temperature above 11ЊC, January mean temperature, the number of days above 11ЊC per year, and total accumulated temperature. Although some areas with annual mean temperatures above 11ЊC have not yet been surveyed, we are quite certain that infestations of Ae. albopictus will be conÞrmed in those areas.
Since Ae. albopictus was found in Houston, TX, in 1985, the pattern of dispersal of the mosquito has shown eastward and northward expansion. From 1995 to 1998 some northern states have reported infestations including Pennsylvania, Ohio, Indiana, Illinois, New Jersey, and New York. We do not know whether or not this is the result of seasonal expansion. We analyzed and plotted (Fig. 5 ) the annual mean temperature in eastern and northern states of the United States. The annual mean temperatures in almost all cities below latitude 40Њ N in northeastern states were above 12ЊC and in some cities in Pennsylvania, Ohio, Indiana, and Illinois were in the range of 11Ð12ЊC. These patterns of annual mean temperature above 11ЊC strongly correspond to the pattern of the present distribution of Ae. albopictus in the United States. Thus, the criterion of annual mean temperatures above 11ЊC is available to identify potential infestation in northeastern cities of United States as shown in the Tohoku district in Japan. Results of the current study will contribute to understanding of the northern distribution limits of the temperate strain of Ae. albopictus in Europe, North America, and the Far East.
